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LEGAL NOTICE 

This report was prepared as an account of Government sponsored 
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IRRADIATION AND POSTIRRADIATION ANNEALING 
OF SOME ALUMINUM-BASE FUELS 

by 

C. F. Reinke 

ABSTRACT 

Irradiated specimens of 39 w/o U3O8 dispersed in 
aluminum and of aluminum-17.3 w/o uranium alloy were 
annealed. Each specimen was partially clad with aluminum. 

Gross swelling was not observed for the aluminum-
39 w/o U3O8 dispersion specimens for burnup and annealing 
tempera ture levels ranging up to 1.0 x 10^° fissions per cc 
and 550°C, respectively. Small volume increases were found, 
however, and these were attributed to the aluminum reduction 
of UsOg, which is accompanied by measurable volume in­
c r ea se s . X-ray diffraction analyses confirmed the reaction 
between the U3O8 and the aluminum matr ix. The dispersion 
specimens and, in part icular , the U3O8 part ic les sintered 
during irradiat ion at tempera tures from 55 to90°C in an ef­
fective thermal-neutron flux of between 1 and 3 x 1 0 nv. 

Annealing at 550°C produced severe localized b l i s t e r ­
ing on specimens of aluminum-17.3 w/o uranium alloy having 
burnups of 5.9 X 10^° fissions per cc. Similar conditions p ro­
duced only a small uniform volume increase when the burnup 
was 1.4 X 10^° fissions per cc. The observed stability is at­
tributed to a defect s t ructure in the compound UAI4 in which 
unoccupied uranium sites t rap fission products and, in pa r ­
ticular, fission product gases . 

INTRODUCTION 

One of the most important charac te r i s t i cs of a reactor fuel mate r ia l 
is dimensional stability during irradiat ion. Metallic and cermet fuels if 
heated during or after i r radiat ion reach a tempera ture at which large vol­
ume increases of the unrest ra ined solid mater ia ls occur in a relatively 
short t ime, i.e., they reach the swelling tempera ture . Therefore, opera­
tion at or above this t empera ture is not feasible without res t ra in t . The 
useful operating tempera ture can be extended by suitable cladding or jack­
eting of the fuel core; but there a re pract ical limitations on the amount of 



res t ra in t that can be incorporated into the design of a fuel element. Thus, 
a knowledge of the swelling temperature of a fuel is essential in defining 
its operating limitations. To obtain this information for two aluminum-
base fuels, a ser ies of annealing studies were made with i r radiated 
aluminum-39 w/o U3O8 dispersion specimens and with i r radiated aluminum-
17.3 w/o uranium alloy. 

FABRICATION HISTORY 

The U3O8- aluminum dispersion specimens were made as thin 
strips by hot extruding a powder mixture consisting of 39 w/o of U3O8 in 
aluminum.(l '2) This type of fuel has been used in the Argonaut Reactor.(3) 
P r io r to mixing with the aluminum powder, the UjOg was calcined overnight 
at 1000°C in air and ground to minus 100 mesh. The aluminum and U3O8 
powders were then mixed and ball milled overnight to assure proper 
blending, after which they were loaded into an aluminum can. Pr ior to ex­
trusion, the billets were heated to 480°C and held at that temperature for 
12 to 14 hr. The extruded specimens had a thin aluminum cladding which 
varied from sample to sample and ranged from practically no cladding to 
about 0.006 in. maximum. The cut edges of the samples were left unclad. 
Chemical and isotopic analyses were made of the blended powders and 
finished specimens. The results are tabulated in Table I. 

T a b l e I 

C H E M I C A L AND I S O T O P I C A N A L Y S E S O F U j O g - A L U M I N U M D I S P E R S I O N S P E C I M E N S 

S p e c i m e n 

E D - 1 
to 

E D - 3 

E D - 4 
to 

E D - 6 

E D - 7 
to 

E D - 9 

P o w d e r C o r e , % 

U 

33.7 ± 0.7 

33 .4 ± 0.7 

33 .4 ± 0.7 

U " « 

0 .130 ± 0 .002 

0 .127 ± 0 .003 

0.127 ± 0 .003 

U " = 

19.1 ± 0.2 

19.0 + 0.3 

19.0 ± 0 .3 

U " ' 

0 .126 ± 0 .002 

0 .124 ± 0 .003 

0. 124 ± 0 .003 

U23 8 

80.6 ± 0.2 

80 .7 + 0 .3 

80 .7 ± 0.3 

E x t r u d e d 
S p e c i m e n , 

% U 

3 0 . 5 8 ± 0 .09 

2 9 . 4 4 ± 0 .06 

2 9 . 3 2 ± 0 .06 

The 17.3 w/o uranium-aluminum alloy specimens were cut from a 
plate which had been irradiated in the ANL-2 loop in the MTR,(4) xhe plate 
was manufactured by the same procedures and with the same mater ia ls 
used in the manufacture of the SL-1 core.(5-7) xhe fuel core consisting of 
2S aluminum with alloying additions in the following nominal amounts-
17.5 w/o uranium, 2.0 w/o nickel, and 0.5 w/o iron, was vacuum melted 
and cast into a graphite mold. The casting was conditioned, hot rolled at 



580°C, and then cold rolled to final size. The cladding mater ia l was M-388 
aluminum alloy, which consists of 2S aluminum with an addition of 1% of 
nickel. The core and cladding components were assembled in a "picture 
frame" and bonded by the silicon bonding technique.(^' The bonded assembly 
was reduced to finish thickness by hot rolling at 550°C, followed by a cold 
sizing pass . 

EXPERIMENTAL PROCEDURE 

I. Irradiation Experiments 

Figure 1 i l lustrates the geometry of the U3O8 dispersion specimens 
used in the studies. The dispersion specimens were encapsulated with NaK 
in capsules similar to the one shown in Figure 2. Each capsule contained 
one sample. The capsules were i r radiated in MTR position A-l-NW from 
December 7, 1957 to July 7, 1958 for a total of 156.4 days at full power. 
Figure 3 is a plot of the location of each specimen versus the effective 
thermal-neutron flux in the position. The plot is based on Cs'^'' burnup 
analyses of specimens ED-1, ED-2, and ED-7 together with flux-monitor 
data which were obtained from each capsule. The data do not provide an 
indication of maximum or minimum flux values during irradiation; thus 
the flux listed is an average value throughout the period. Table II l ists the 
irradiat ion history for each specimen based on the average flux values 
given in Figure 3. The irradiat ion temperatures were taken from a plot of 
the calculated central specimen temperature versus the power density, 
which was based on an e lect r ical -geometr ical analogue study of the capsule 
configuration. 

Figure 1 

Typical Dispersion Specimen 
Used in the Annealing Studies 

K ALUMINUM-

- 0 . 0 0 6 INCH THICK 25 - ^ - ^ 3 9 «'o " 3 ^ 8 uiSPERSION 

ALUMINUM CLADDING FUEL CORE 

106-7094 

The irradiat ion history of the 17.3 w/o uranium-aluminum alloy 
specimens is given in detail in Reference 4. In general, the plate from 
which the specimens were obtained was i r radiated in the ANL-2 Argonne 
High P r e s s u r e Water Loop in the MTR for 125 full-power days and achieved 
a maximum total atom burnup of 1.0 percent as determined by radiochemi­
cal burnup analyses. 
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• Monitor Location 

• NoK Level 

Specimen 

Figure 2. Schematic Drawing of 
Assembled Irradiation 
Capsule. The drawing 
is not to scale. 

0 1.0 2.0 3.0 

EFFECTIVE THERMAL F L U X - x | 0 " ' ^ 

106-7095 

Figure 3. Effective Specimen Flux for Position MTRA-1-NW 

Table II 

IRRADIATION HISTORY OF U3O8 DISPERSION S P E C I M E N S 

Capsu le 

A N L - 6 - 8 9 
A N L - 6 - 9 0 
A N L - 6 - 9 1 
A N L - 6 - 9 2 
A N L - 6 - 9 3 
A N L - 6 - 9 4 
A N L - 6 - 9 5 
A N L - 6 - 9 6 
A N L - 6 - 9 7 

Spec imen 
No. 

E D - 1 
E D - 2 
E D - 3 
E D - 4 
E D - 5 
E D - 6 
E D - 7 
E D - 8 
E D - 9 

C e n t r a l 
I r r a d i a t i o n 
T e m p , "̂ C 

55 
60 
70 
75 
80 
90 
85 
80 
75 

B u r n u p 

a / o U " 5 

4.0 
6.9 

10.5 
13.2 
16.5 
19.6 
18.4 
16.5 
14.6 

( f i s s / c c ) x 10"^° 

0.20 
0.36 
0.54 
0.64 
0.81 
0.95 
0.88 
0,80 
0.71 

II. Anneal ing Studies 

F i g u r e 4 i l l u s t r a t e s the g e o m e t r y of the al loy s p e c i m e n s u s e d in 
the annea l ing s t u d i e s . The d i s p e r s i o n s p e c i m e n s u s e d in the annea l ing 
s tud i e s a r e shown in F i g u r e 5. The s tud ies w e r e conduc ted in s a l t po ts 
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heated by e lec t r ic - res i s tance furnaces which were controlled by thermo­
couples situated between the pot and the furnace. A thermocouple, located 
inside a well in each pot, recorded the temperature of the salt and thus that 
of the specimens. The maximum temperature variation observed during 
each anneal was +10°C, and usually the temperature remained within ±5°C 
of the desired value. 

W'I2-I,4, 5.a6 

106-7093 
Figure 4. Typical Alloy Specimens Used 

in the Annealing Studies 

The specimens were placed, along with unirradiated control sam­
ples, in baskets which were lowered into the salt after it had stabilized at 
temperature . The salt provided a protective atmosphere during the an­
nealing and minimized temperature gradients. At the completion of each 
annealing period the specimens were washed and rinsed in water, and 
dipped in acetone to facilitate drying. Dimensions and immersion densities 
were then taken and compared with the pre - tes t values to determine the 
magnitude of any changes. 

The annealing studies at temperatures up to and including 365°C 
utilized a salt containing approximately 45 percent sodium nitrite (NaNOj) 
and 55 percent potassium nitrate (KNO3). The annealing studies at 500°C 
and 550°C utilized a salt containing equal parts of potassium and sodium 
nitrate . 
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Burnup, 
Specimen (fiss/cc) x 10" 

Irradiat ion 
Tempera ture , 

°C 

ED-6 0.95 90 

24423 2 X 

ED-S 0.80 80 

24425 2X 

ED-9 0.71 75 

24426 2X 

ED-3 0.54 70 

24420 2X 

Figure 5. Aluminum-39 w/o U3O8 Dispersion Specimens Used in the 
Annealing Studies. Photos show unclad edge and numbered 
face of square specimens. 
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EXPERIMENTAL RESULTS AND DISCUSSION 

I. Aluminum-39 w/o UjOg Dispersion 

A. Post i r radiat ion Examination 

The postirradiat ion examination revealed that the UjOg disper­
sion specimens were in excellent condition. Figure 6 shows the specimens 
after irradiation. Their condition is not surprising as the irradiation tem­
pera tures and burnups were comparatively low. There is little doubt that 
the specimens would have operated satisfactorily at higher temperatures 
and burnup levels. 

24417 IX 

Figure 6. As- i r radia ted Condition of Specimens ED-1 
through ED-9. 

The observed changes in density and dimensions are presented 
in Tables III, IV, and V. With but one exception, ED-7, the samples densi-
fied under the conditions of irradiation. The reason for the anomalous value 
for ED-7 is not known; however, it is not believed to be a valid change. 
There was no correlat ion between these changes and either burnup or 
specimen irradiat ion temperature . 

The length and width of each specimen remained constant while 
the thickness decreased. In all cases , although the changes were small and 
close to the precision of the measurements , the general trend for a decrease 



14 

in thickness was well established. The dimensional data a re difficult to 
interpret except in a general way because, due to their geometry, the 
specimens had a considerable range in values even before irradiation. 

Table III 

COMPARISON OF P R E - AND POSTIRRADIATION DENSITY 
MEASUREMENTS ON SPECIMENS ED-1 THROUGH ED-9 

Specimen 

ED-1 
ED-Z 
ED-3 
ED-4 
ED-5 
ED-6 
ED-7 
ED-8 
ED-9 

Density,!^) g /cc 

P r e 

3.414 
3.486 
3.448 
3.348 
3.387 
3.372 
3.312 
3.374 
3.376 

Pos t 

3.425 
3.494 
3.464 
3.359 
3.400 
3.391 
3.290 
3.380 
3.379 

% A p 

+ 0.32 
+ 0.23 
+ 0.46 
+0.33 
+0.38 
+0.56 
-0.66 
+ 0.18 
+ 0.09 

(a)The es t imated prec is ion of the m e a s u r e m e n t s is ±0.004 g /cc 

COMPARISON OF P R E - AND POSTIRRADIATION DIMENSIONAL 
MEASUREMENTS ON SPECIMENS ED-1 THROUGH ED-9 

Specimen 

ED-1 

ED-2 

ED-3 

ED-4 

ED-5 

ED-6 

ED-7 

ED-8 

ED-9 

D 

Length 

P r e 1.002-1.003 
Pos t 0.998-1.005 

P r e 0.987-0.988 
Pos t 0.988-0.989 

P r e 0.978-0.983 
Post 0.981-0.982 

P r e 1.009-1.010 
Post 1.008 

P r e 1.014-1.023 
Pos t 1.016-1.021 

P r e 1.022-1.034 
Pos t 1.029-1.034 

P r e 1.004-1.015 
Post 1.008-1.015 

P r e 0.996-1.002 
Post 1.001-1.003 

P r e 0.984-0.990 
Post 0.988-0.990 

imens ions , in.\^/ 

Width 

0.880 
0.880-0.882 

0.883 
0.882-0.883 

0.884-0.885 
0.884-0.885 

0.884-0.885 
0.884 

0.886 
0.886-0.889 

0.885-0.887 
0.888-0.889 

0.881 
0.882 

0.884 
0.882-0.885 

0.882-0.883 
0.884 

Thickness 

0.099-0.100 
0.098-0.101 

0.101 
0.099-0.100 

0.100 
0.098 

0.100-0.102 
0.099 

0.102-0.103 
0.100 

0.100-0.101 
0.098 

0.099-0.100 
0.097-0.098 

0.101-0.102 
0.100 

0.099-0.100 
0.098-0.099 

i^lThe values r ep resen t a minimum of two readings for each dimension. Each 
individual value has a p rec i s ion of ±0.001 in. 
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COMPARISON OF PRE- AND POSTIRRADIATION WEIGHTS 
OF SPECIMENS ED-1 THROUGH ED-9 

Specimen 

ED-1 
ED-2 
ED-3 
ED-4 
ED-5 
ED-6 
ED-7 
ED-8 
ED-9 

Weight, g 

P r e 

4.651 
4.725 
4.628 
4.670 
4.820 
4.805 
4.574 
4.676 
4.568 

Post 

4.651 
4.726 
4.635 
4.674 
4.825 
4.822 
4.579 
4.678 
4.571 

Change 

+ 0.001 
+ 0.007 
+ 0.004 
+ 0.005 
+ 0.017 
+ 0.005 
+ 0.002 
+ 0.003 

The micros t ruc ture shown in Figure 7 is typical of the U30g 
dispersion specimens before irradiation. As can be seen, the larger 
part icles of UjOg were quite porous. There was no obvious evidence of 
any reaction between the UjOg and the aluminum matr ix . However, as 
seen in the photomicrograph at 750X, a careful examination at the higher 
magnification did reveal reaction zones surrounding some of the smaller 
par t ic les . X-ray diffraction analyses confirmed the existence of these 
zones and indicated that approximately 10% of the oxide present was UO2. 
The UO2 probably formed pr ior to extrusion during the soaking period of 
12 to 14 hr at 480°C by aluminum reduction of the UjOg. 

The increase in density, decrease in thickness, increase in 
weight, and post irradiat ion appearance of the UjOg part ic les a re all com­
patible with the hypothesis that sintering occurred during irradiation. 
Initially it was thought that NaK corrosion may have produced the observed 
densification; however, an attempt to explain the density, thickness, and 
weight data on the basis of NaK corrosion was not successful. Since the 
face of each specimen was clad with aluminum, a preferential removal of 
aluminum by NaK corrosion would have the effect of increasing the density 
of the composite specimen and decreasing the specimen thickness concur­
rently. The increase in weight would then be attributed to oxidized NaK 
coolant picked up by the exposed fuel at the edges of the specimen. The 
calculations were based on measured weights and densit ies, and indicated 
that if the observed decrease in thickness were attributed to aluminum 
corrosion, the increase in density of the composite, due to the loss of the 
lower-density aluminum cladding, still would not be equal to the observed 
densification. Fur the rmore , the surface appearance of the specimens. 
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shown in F i g u r e 6, and the low o v e r a l l s p e c i m e n i r r a d i a t i o n t e m p e r a t u r e 
of a p p r o x i m a t e l y 100°C ind ica t e tha t c o r r o s i o n of the a l u m i n u m c ladd ing 
w a s not a p r o b l e m . C a l c u l a t i o n s i n d i c a t e tha t the t e m p e r a t u r e d r o p w i t h i n 
individual oxide p a r t i c l e s is l e s s than 10°C. T h u s , a l l the da ta i n d i c a t e 
tha t s i n t e r i n g had indeed o c c u r r e d even though the i r r a d i a t i o n t e m p e r a t u r e s 
w e r e a p p r o x i m a t e l y 100 C. 

*» * • , * ' ', • *i • ^ ^^^ i«fc 
I • • , . » > • . ' * > . - . - . ' 

'r:^S-:\: '; 
5? -'r \ «.'.. 

EI -573 lOOX E I - 5 7 4 250X 

EI-576 750X 

F i g u r e 7. A s - f a b r i c a t e d S t r u c t u r e of UjOg-Aluminum D i s p e r s i o n S p e c i ­
m e n s . The photos show the s p e c i m e n s in the a s - p o l i s h e d 
condi t ion. 

F i g u r e s 8 th rough 14 a r e typ ica l of the s t r u c t u r e ex i s t i ng a f t e r 
i r r a d i a t i o n . As can be seen , the UjOg p a r t i c l e s had unde rgone s i n t e r i n g 
even though the i r r a d i a t i o n t e m p e r a t u r e s w e r e e s t i m a t e d we l l below the 
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75X 



EI-863 
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Figure 10. Specimen ED-1 after Irradiation. Note 
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Figure 11. Specimen ED-1 after Irradiation. Note 
sintering in UjOg part icle. Sample in 
as-polished condition. 
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EI-865 

F i g u r e 12. 

500X 

Spec imen E D - 1 a f t e r I r r a d i a t i o n . S p e c i m e n 
e tched in 2% H F so lu t ion , showing zone s u r ­
rounding p a r t i c l e . 

E I -8 500X 

F i g u r e 13. Spec imen ED-7 a_fter I r - F igu re 14. 
r ad ia t ion . A s - p o l i s h e d 
condi t ion. 

S p e c i m e n E D - 7 a f t e r I r ­
r a d i a t i o n . S p e c i m e n 
e t c h e d in 2% H F so lu t ion . 
P o r o s i t y due to b u r n u p . 

m i n i m u m t e m p e r a t u r e of a p p r o x i m a t e l y 800°C n e c e s s a r y to in i t i a t e s i n t e r i n g 
of the oxide . This l o w - t e m p e r a t u r e s i n t e r i ng p h e n o m e n a , c a l l e d r a d i a t i o n s i n ­
t e r i n g , has been o b s e r v e d b e f o r e . ( 9 - l 1) The m e c h a n i s m by wh ich it o c c u r s , 
however , is not thoroughly unde r s tood . ! 12) The fact tha t s h r i n k a g e o c c u r r e d 
sugges t s that e i t he r l a t t i ce diffusion or p l a s t i c flow is an i m p o r t a n t m e c h a n i s m 
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involved in the sintering p rocess . The lattice diffusion model, discussed 
by Burke,(13) seems the most reasonable of the two. The low irradiation 
temperature may have enhanced diffusion ra tes by producing an increased 
concentration of vacancy-interst i t ia l pai rs or by changing the location of 
sinks for vacancies to migrate . 

Examination of the figures also reveals that the porosity within 
the i r radiated part ic les was concentrated at the outer edges. As can be 
seen in Figure 12, the porosity may concentrate in apparent reaction zones 
surrounding the par t ic les . 

B. Post i rradiat ion Annealing 

The resul ts of the annealing studies a re tabulated in Table VI. 
Annealing temperatures up to 365°C produced initial volume increases of 
between 0.5 to 1 percent AV. However, after 360 hr the measured densities 
were close to the p re - t e s t values and indicate no measurable change in 
volume at that t ime. Volume increases of 1 and 4 percent were observed 
with samples annealed for approximately 500 hr at 500°C and 550°C, r e ­
spectively. Figure 15 shows that specimen ED-6, annealed at 550°C, had 

Table H 

ANNEALING HISTORY OF IRRADIATED 39 w/o UjOj-ALUMINUM DISPERSION SPECIMENS 

Specimen 

ED-6 

ED-8 

ED-9 

ED-3 

Burnup 

(Fission s/cc) 

X 10-2" 

0.95 

0.80 

0.71 

0.54 

%UZ '5 

19.6 

16,5 

14.6 

10.5 

Annealing 

Temp. "C'al 

550 

500 

365 

210 

Time at 

Temp, hr 

0 
24 
69 

115 
115 
94 
94 

0 
24 
69 

116 
115 
209 

0 
24 
72 

144 
120 

0 
24 
72 

146 
120 

Cumulative 

Time at 

Temp, tir 

0 
24 
93 

208 
323 
417 
511 

0 
24 
93 

209 
324 
533 

0 
24 
96 

240 
360 

0 
24 
96 

242 
362 

Weight,"'! 

S 

4.815l<ll 

4.819 

4.919'<:l 

5.756lcl 

5.9371=1 

5.992 

6.018 

4,674l<:l 
4.674lcl 

4.678 

4.679 

4.693<tl 

4.739l<:l 

4.602 

4.571 

4.566 

4.566 

4.561 

4.656 

4.627 

4.630 

4.628 

4.624 

Density," ' ' 

g/cc 

3.383<t» 

3.382 

3.308l':l 

3.990l':l 

2.960lel 

2.962 

2.956 

3.379li:l 

3.395ICI 

3.392 

3.393 

3.373l<:> 

3.316tcl 

3.363 

3.403 

3.396 

3,391 

3.403 

3.456 

3,473 

3,441 

3,474 

3.476 

Total 

NMC 
+1.1 

+4.9 

+4.8 

+4.2 

+4.2 

-
-0.5 

-0.4 

-0,4 

NMC 
+1,1 

+0.2 

+0.4 

NMC 

-
-+0.9 

NMC 
NMC 

Dimensions," ' ' 

Length 

1.028 

1.034 

1.051 

1.186 

1.210 

1.202 

1.199 

0.998 

1.006 

0.999 

1,002 

1.006 

1.011 

0.997 

0.987 

0.992 

0.988 

0.989 

1.006 

0.980 

0.980 

0.982 

0,981 

Width 

0,887 

0,887 

0,899 

0,929-1,122 

0,945-1104 

0,966-1,087 

0,962-1,101 

0,885 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

884 
885 
885 
888 
898 

887 
887 
890 
886 
885 

889 
888 
885 
884 
882 

h. 

Thickness 

0,094 

0,095 

0,096 

0,118 

0,118 

0,115 

0,117 

0,094 

0,095 

0.094 

0.094 

0.095 

0.093 

0.095 

0.094 

0.093 

0.095 

0.092 

0.094 

0.094 

0,094 

0.094 

0.093 

'a'The temperature did not vary more than ±10°C at any time dur ing the test. 

<b)The precision of the measurements is: weight, ±0.002 g; density, ±0.004 g/cc; dimensions, ±0.001 in . 

't^'Represents the average of two measurements. 

'^"Represents the average of six measurements. 

te)Represents the average of three measurements. 

If 'Caiculated from the expression %AV = ( y - J - M 100, where/JJ anfl/Sf are the ini t ia l and f inal densities, respectively. 
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c r a c k e d badly . The c r a c k i n g w a s f i r s t no t i ced a t the c l o s e of the t h i r d 
annea l ing p e r i o d , a t w h i c h t i m e the 
s p e c i m e n had a c c u m u l a t e d 208 h r a t 
t e m p e r a t u r e . The c r a c k s did not 
s e e m to e n l a r g e a p p r e c i a b l y w i t h 
f u r t h e r annea l i ng . The o t h e r s p e c i ­
m e n s w e r e in good condi t ion a t the 
c l o s e of the t e s t s . The p r e c i s i o n of 
the we igh t and dens i t y m e a s u r e m e n t s 
w a s d e t e r m i n e d by a s e r i e s of f if teen 
m e a s u r e m e n t s m a d e on a s i m i l a r i r ­
r a d i a t e d but u n a n n e a l e d s p e c i m e n . 
The da ta ind ica te a s t a n d a r d dev i a t i on 
of ±0.002 g for we igh t and of ±0.004 g/cc 
for dens i ty m e a s u r e m e n t s . 

E l - 1 

F i g u r e 15. Spec imen ED-6 a t 
Conclus ion of Annea l ­
ing Study. 

The e x a m i n a t i o n of s a m p l e s 
E D - 3 and E D - 9 showed v a r y i n g 
a m o u n t s of s u r f a c e oxide had f o r m e d 
dur ing s t o r a g e of the s p e c i m e n s a f t e r 
i r r a d i a t i o n . A t t e m p t s a t r e m o v i n g 
th i s s u r f a c e oxide p r i o r to annea l i ng 

w e r e not comple te ly succes s fu l . Howeve r , e x a m i n a t i o n of the s p e c i m e n s 
showed that the oxide had been r e m o v e d dur ing the in i t i a l annea l i ng p e r i o d . 
This was a l so ind ica ted by the d e c r e a s e in we igh t and i n c r e a s e in dens i t y 
of the s p e c i m e n s . The we igh t s and d e n s i t i e s a f t e r the in i t i a l a n n e a l i n g 
p e r i o d c o m p a r e favorably wi th the m e a s u r e m e n t s t a k e n i m m e d i a t e l y a f t e r 
i r r a d i a t i o n . T h e r e f o r e , in ca lcu la t ing the p e r c e n t change in v o l u m e , the 
in i t ia l dens i ty of s p e c i m e n s E D - 3 and E D - 9 w a s t aken a s m o r e t r u l y r e p ­
r e s e n t e d by the dens i t i e s af ter the f i r s t annea l ing p e r i o d , and t h e s e w e r e 
used in ca lcu la t ing the subsequen t vo lume c h a n g e s . 

Spec imens ED-6 and E D - 8 wi th t he i r r e s p e c t i v e c o n t r o l s a m p l e s 
C-4 and C-3 i n c r e a s e d in weight a s the t e s t s p r o g r e s s e d . It w a s a p p a r e n t 
that the sa l t was adhe r ing to the s a m p l e s . T h e r e f o r e , "where n e c e s s a r y , 
the m e a s u r e d weigh ts and v o l u m e s given in T a b l e s VI and VII "were c o r ­
r e c t e d , a s shown in the appendix , to accoun t for the s a l t . The c o r r e c t e d 
we igh t s and v o l u m e s w e r e then u s e d to ca l cu l a t e the dens i ty of the s p e c i ­
m e n , and this dens i ty was used to d e t e r m i n e any change wh ich o c c u r r e d 
due to the addi t iona l annea l ing t i m e . The dens i ty of the s a l t w a s t a k e n a s 
2.18 g / c c . 

The da ta for the u n i r r a d i a t e d c o n t r o l s a m p l e s , a n n e a l e d c o n ­
c u r r e n t l y wi th the t e s t s p e c i m e n s , a r e given in Tab le VII. It can be s e e n 
f rom the data that the u n i r r a d i a t e d s p e c i m e n s d e c r e a s e d in dens i t y . The 
h ighe r the annea l ing t e m p e r a t u r e , the g r e a t e r the d e c r e a s e in d e n s i t y or 
i n c r e a s e in vo lume . These volume i n c r e a s e s a r e a s s o c i a t e d , in a way not 
fully unde r s tood , wi th the r e a c t i o n be tween the UjOg p a r t i c l e s and the 



aluminum matr ix. The quantity of hydrogen present in the specimens was 
unknown. However, if it was significant it could also have contributed to 
the observed volume increases . 
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ANNEALING HISTORY OF UNIRRADIATED 39 »/o U3O5-ALUMINUM DISPERSION SPECIMENS 

Specimen 

C-4 

C-3 

C-2 

C-1 

Anneal ing 

Temp.la' "C 

550 

500 

365 

210 

Time at 
Temp, hr 

0 
24 
69 

115 
115 
94 
94 

0 
24 
69 

116 
115 
209 

0 
24 
72 

144 
120 

0 
24 
72 

146 
120 

Cumulative 

Time at 
Temp, hr 

0 
24 
93 

208 
323 
417 
511 

0 
24 
93 

209 
324 
533 

0 
24 
96 

240 
360 

0 
24 
96 

242 
362 

Weight," ' ' 

g 

10.740 
10.777 

10.800 
10.818 

10.853l<'l 
10.853 
10.874 

9,182 
9.202ICI 

9,226 
9,243 
9,25lli:l 

9,268 

10,105 
10,107 

10,107 

10.110 
10.109 

9.258 
9.257 

9.263 
9.259 

9.257 

Density. '^ ' 

g/cc 

3.374 

3.262 
3,260 
3,263 

3,250'':1 

3,258 
3.259 

3.376 
3.319'<:1 

3.320 
3.329 

3.324<':1 
3.329 

3.382 

3.370 
3.358 

3.352 
3.360 

3.382 
3.376 

3.366 
3.363 
3.369 

Total 

% AV' t " 

+3,3 
+3.2 
+3,0 

+3,3 
+3,0 

+2,9 

+1,6 

+1,4 

+1,1 
+1,1 
+0,9 

+0,4 
+0,7 
+0,9 

+0,6 

+0,2 

+0,5 
+0,6 

+0.4 

Thickness, '" ' 
in. 

0,091 

0,101-0.103 

0.091 

097-0.99 

0.096 

O096-0.100 

0.095 

O095-0.099 

t ^ ' i he temperature did not vary more than ±10*0 at any time dur ing the test. 

<b)The precision ol the measurements is: weight ±0.002 g; density, ±0.004 g/cc; thickness, ±0.001 i n . 

*c*Represents the average of two measurements. 

tfJtCalculated from the expression % AV = | f " ^ ) " M ^^ ""^"^ ^ i ^^^ ^ ' ^^^ "^^ ' " ' * ' ^ ' ^ " ' ' ' ' " ^ ' ' ' ^ "^ i t ies respectively. M' 
C. U30g-Aluminum Reaction 

It has been observed that UjOg and UO2 react with aluminum at 
temperatures between 500 and 600°C.(14-16) UO^ and AI2O3 form by the 
aluminum reduction of the UjOg. The UO2 is also reduced by the aluminum 
with the formation of U-Al intermetall ics and more AljOj. The reaction 
proceeds in steps with the eventual conversion of all the uranium present 
to the intermetall ic compound UAI4. Calculations based upon the balanced 
equations and theoretical densities of the reactants and products indicate 
that overall volume decreases should accompany the reaction. These de­
creases have not been observed, however. In fact, the reaction produces 
sizable volume increases . This apparent anomaly may be explained if 
one assumes that the reaction products are somewhat less than theoretically 
dense. This may be possible if the reaction proceeds by the Kirkendall 
mechanism. 



24 

Sections from both the i r radiated and unirradiated UjOg-
aluminum specimens used in the annealing studies were dissolved in hot 
concentrated sodium hydroxide solution. Each oxide residue was washed 
and filtered; and a sample taken for X-ray diffraction analysis . X-ray dif­
fraction analyses of the UsOg obtained from the i r radiated specimens were 
not successful because of film fogging due to their activity. The resul ts 
of the analyses on the unirradiated specimens are given in Table VIII. 
The presence of UO2 was detected in all cases . The data indicate that the 
concentration of UO2 was dependent upon temperature and t ime. In some 
instances the metallographic examination also revealed a dependence upon 
particle size and shape. However, for the most part , the metallographic 
examinations at magnifications up to 750X did not reveal any reaction zones 
surrounding the U3O8 part icles . These resul ts a re in general agreement 
with other experiments( l4- l6) in which it was also demonstrated that the 
oxide manufacturing process and additives such as TiOj or CaFz affect 
the reaction. The relative quantities of each phase present were est imated 
based on the observed line intensities. 

Table VIII 

X-RAY DIFFRACTION ANALYSES OF UNIRRADIATED 
UjOg-ALUMINUM CONTROL SPECIMENS 

Spec imen 
No. 

U 

C - 1 

C - 2 

C - 3 

C - 4 

Anneal ing 
H i s t o r y 

None 

362 h r a t 210°C 

360 h r a t 365°C 

533 h r a t 500°C 

511 h r a t 550°C 

P h a s e s P r e s e n t 

90% UjOg -1- 10% UO2 

85% UjOg -1- 15% UO2 

80% UjOg + 20% UO2 

60% UjOg + 40% UO2 + 
t r a c e UAI3 

40% U3O8 -f 50% UO2 + 
10% UAI3 + t r a c e of 
UAI4 

The dependence of the UO2 concentration upon tempera ture can 
be seen by comparing the results of annealing studies conducted for ap­
proximately equivalent times but at different tempera tures . The quantity 
of UO2 increased as the annealing temperature increased. The a s -
fabricated sample had 10% UO2 present which probably formed during the 
soaking period of 12 to 14 hr at 480°C prior to extrusion, whereas the 
UO2 concentration had increased to 40% after 533 hr at 500°C. Thus, the 
quantity of UO2 increases as the length of time at a given tempera ture in­
c reases . The data also indicate that reduction of the UOj begins after 
about 40% of the U30g has been reduced. 
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D. Discussion 

In its initial stages the reaction between aluminum and U30g 
produces UO2 and, as the reduction of UO2 p rog res ses , U-Al intermetal l ics 
begin to form. This reaction leads to measurable volume increases . 

Although X-ray diffraction analyses could not be run with the 
i r radiated specimens to verify the presence of UO2, it is speculated that 
the volume increases noted for the i r radiated specimens can, at least in 
part , be attributed to this reaction also. In par t icular , specimens ED-3, 
ED-8, and ED-9 along with their unirradiated controls exhibited s imilar 
volume increases as a resul t of the annealing. Therefore, it is speculated 
that the observed increases were due chiefly to the U30g-aluminum reac ­
tion, plus the agglomeration of any residual hydrogen, and not to the 
agglomeration of fission product gases . 

Specimen ED-6 exhibited a volume increase slightly in excess 
of that associated with the U308-aluminum reactions. This excess was 
probably the resul t of fission gas agglomeration. ED-6 also cracked badly 
during the course of the annealing study, for reasons not known. However, 
it is not believed to be associated with either the UjOg-aluminum reactions 
or fission gas agglomeration. It might be related to pr ior fabrication history 
in some way. 

The U30g-aluminum dispersion system seems resis tant to gross 
swelling caused by fission gas agglomeration for burnups up to at least 
1.0 X 10^° fissions per cc and temperatures up to 550°C. Small volume 
increases will occur with fuel operated between 210°C and 550°C due to 
the aluminum reduction of the UjOg and intermetall ic formation. After 
approximately 500 hr, this amounts to about 1% at 500°C and to 3% at 
550°C. 

II. Aluminum-17.3 w/o Uranium Alloy 

A. Post i r radia t ion Annealing 

Figure 4 i l lus t ra tes the geometry of the specimens used in the 
annealing studies. The experimental procedures were identical with those 
described in the preceding section for the UjOg-aluminum dispersions; in 
fact, the alloy and dispersion specimens were annealed together. For 
each annealing tempera ture , the specimens were chosen with approximately 
equivalent burnups so that information would be obtained, not only about 
the swelling tempera ture of each mater ia l , but also sufficient for compar­
ing the two sys tems. 
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The results of the annealing studies on the i r radiated specimens 
are tabulated in Table IX. Volume increases occurred in all specimens 
annealed at 550°C. As can be seen in Figures 16 to 18, at a burnup of 
5 9 X 10^° fissions per cc swelling occurred as severe localized blistering 
whereas at a burnup of 1.4 x 10^° fissions per cc the volume increase was 
uniform in nature. Specimens with burnups ranging from 0.41 x 10^° to 
1.2 X 10^° fissions per cc showed a tendency towards a slight uniform in­
crease in volume for annealing temperatures in the range from 210°C to 
500°C. The precision of the weight and density measurements was de t e r ­
mined by a ser ies of fifteen measurements made on similar i r radiated but 
unannealed mater ial . The data indicate a standard deviation of ±0.002 g for 
the weight and of ±0.003 g/cc for the density measurements . 

Specimen 

W-12-TE 

VI-12-TES 

W-12-6 

W-12-5 

W-12-4 

W-12-1 

ANNEALING HISTORY OF IRRADIATED ALOMINUM-17.3 w/o URANIUM ALLOY SPEC 

Burnup 

(Fissions/ccl 
X 10-2" 

5.9 

5.9 

1.4 

1,2 

0,77 

0,41 

» U " = 

45,1 

45,1 

10,8 

8,8 

5,8 

3.2 

Annealing 
Temp.fal °C 

550 

550 

S50 

500 

365 

210 

Time at 
Temp, hr 

0 
94 
1.5 
2 
3.5 
3 

46 
36 

114 
71 

0 
1,5 
2 
3.5 
3 

94 
46 
36 

114 
71 

0 
21 
69 

115 
115 
94 
94 

0 
24 
69 

116 
115 
209 

0 
24 
72 

144 
120 

11 
24 
72 

146 
120 

Cumulative 
Time at 

Temp, hr 

0 
94 
95.5 
97.5 

101 
104 
150 
186 
300 
371 

0 
1.5 
3.5 
7 

10 
104 
150 
186 
300 
371 

0 
24 
93 

208 
323 
417 
511 

0 
24 
93 

209 
324 
533 

0 
24 
96 

240 
360 

0 
24 
96 

242 
362 

Weight,"'' 

9 

10,405 
10,430 
10,422 
10,434 
10,478 
10,525 
10,631 
10.753 
10.928 
11.065 

4.986 
4.952 
4.945 
4.944 
4944 
4,997 
5,020 
5,033 
5,058 
5.071 

10.415li:l 
10.382 
10.367 
10,353 
10,364WI 
10,354 
10.356 

10,14lWI 
10,120W1 
10,111 
10.102 
10,103'91 

10,093 

9,897 
9,887 
9,887 
9,885 
9,883 

10,293 
10,281 
10,380 
10,283 
10,277 

Density,"'' 
g/cc 

2.856 
2.426 
2.419 
2.416 
2.413 
2.386 
2.360 

2.352 
2.321 
2,308 

2,809 
2,791 
2,767 
2.760 
2,744 
2,667 
2,636 
2,627 
2,616 
2,616 

2,890l<" 
2,887 
2,881 
2,881 
2.865MI 
2,860 
2,850 

2,889'"» 
2,89611' 
2,895 
2,896 
2.89l(dl 

2.892 

2,904 
2,903 
2,891 
2,888 
2.896 

2,904 
2,903 
2,905 
2,898 
2,897 

Total 
% AV'el 

+17,7 
+18,0 
+18,2 
•18,3 
+19,5 
•20,8 
+21,1 
+22,6 
+23,3 

+ 0,6 
• 1.5 
• 1,8 
+ 2,4 
+ 5,3 
+ 6,6 
• 6,9 
• 7,4 
+ 7,4 

NMC 
+ 0,3 
• 03 
+ 0,9 
+ 1.0 
* 1.4 

NMC 
NMC 
+ 0.2 
+ 0.1 

NMC 
+ 0.4 
+ 0.6 
• 03 

NMC 
NMC 
+ 0.2 
+ 0 2 

MENS 

Dimensions,"' 

Length 

2,055 
2,082 
2,079 
2,076 
2,076 
2,087 
2,074 
2,088 
2,094 
2,101 

2.051 
2,054 
2,042 
2,045 
2,051 
2,072 
2,011 
2,070 
2.078 
2.076 

1.024 
1,024 
1,024 
1,027 
1,031 
1.032 
1.034 

1,005 
1,004 
1.006 
1.005 
1,002 
1,005 

0,987 
0.990 
0.989 
0.989 
0,991 

1,022 
1,022 
1,022 
1,022 
1,020 

Width 

1,001 
0,989 
0,986 

0,981-1,003 
0986-1,006 
0980-1,003 
0.977-1,009 
0,980-1,008 
0983-1,021 
0,984-1,021 

0,497 
0.493 

0,491-0,505 
0,487-0,505 
0,490-0,504 
0,504-0,510 
0,502-0,511 
0,502-0,513 
0,497-0,552 
O505-0.514 

2.001 
1.999 
2.004 
2.008 
2,000 
2,003 
2,004 

2,000 
1,998 
1,998 
1,996 
1,996 
1,999 

1,996 
1,995 
1,995 
1,997 
1,995 

1,993 
1,991 
1,992 
1,993 
1,994 

in. 

Thickness 

0111 
0,112-0,219 
0,119-0,220 
0,107-0,209 
0,128-0,215 
0,131-0,228 
0,128-0,230 
0,126-0,228 
0,139-0.244 
0.133-0.249 

0.104 
0,104 

0,096-0,106 
0098-0,105 
0,098-0105 
0,101-0133 
0,098-0124 
0,095-0,117 
0,101-0,114 
0,097-0,133 

O105 
0,106 
0,105 
0,103 
0,103 
0.102 
0.102 

0,105 
0,103 
0,103 
0.103 
O103 
0.103 

O105 
O104 
O104 
O104 
0.104 

0.104 
0.105 
O104 
O105 
0,103 

'3'The temperature did not vary more than ±10*C at any time during the test. 

tblThe precision of measurements iS: weight, ±0.002 g; density, ±0.003 g/cc; dimensions. ±0.001 ii 

(c)|s the average of six measurements. 

*dMs the average of two measurements. 

*^'Based on the assumption of no weight change and calculated from the expression %AV 
final densities, respectively. NMC means no measurable change. m 100, where p\ and /^f are the init ial and 
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EI-229 ~1X 
Burnup 5.9 x 10 fissions/cc 
Annealing Conditions 371 hr at S50°C 

Figure 16. Severe Blisteting on Specimen W-12-TE. 

EI-223 
Burnup 5.9 X 10 fissions/cc 
Annealing Conditions 371 hi at 550°C 

Figure 17. Blistering on Specimen W-12-TES. 

EI-196 ~1X 
Burnup 1.4 x 10 fissions/cc 
Annealing Conditions 511 hr at 550 C 

Figure 18. Growth of Fuel Core out of Cladding on 
Specimen W-12-6. 

D a t a o n t h e u n i r r a d i a t e d c o n t r o l s p e c i m e n s , g i v e n i n T a b l e X , 

i n d i c a t e a s l i g h t v o l u m e i n c r e a s e f o r a n n e a l i n g t e m p e r a t u r e s u p t o 3 6 5 ° C . 

T h e c a u s e of t h i s i n c r e a s e i n v o l u m e i s n o t k n o w n . T h e s i g n i f i c a n c e of 

t h e i n c r e a s e , h o w e v e r , i s q u e s t i o n a b l e , a s t h e d a t a a l s o i n d i c a t e t h a t s i m i ­

l a r m a t e r i a l ' a n n e a l e d a t s i g n i f i c a n t l y h i g h e r t e m p e r a t u r e s h a d n o t s w e l l e d . 

T h e s p e c i m e n s w e r e i n e x c e l l e n t c o n d i t i o n a t t h e c l o s e of t h e t e s t s . T h e r e 

w a s n o e v i d e n c e of a n y c o r r o s i v e a t t a c k b y t h e a n n e a l i n g s a l t s . 

T h e i r r a d i a t e d s p e c i m e n s h a d v a r y i n g q u a n t i t i e s of o x i d e p r e s e n t 

o n t h e i r s u r f a c e s a t t h e s t a r t of t h e t e s t s . M o s t of t h e o x i d e w a s r e m o v e d 

a f t e r t h e i n i t i a l a n n e a l i n g p e r i o d . H o w e v e r , s p e c i m e n s W - 1 2 - T E a n d 

W - 1 2 - T E S r e t a i n e d s o m e of t h e i r s u r f a c e o x i d e s a n d , i n a d d i t i o n , p i c k e d 

u p a n n e a l i n g s a l t , w h i c h a c c o u n t s f o r t h e s i z a b l e w e i g h t i n c r e a s e s w h i c h 

w e r e n o t e d . T h e m e a s u r e d w e i g h t s a n d v o l u m e s , g i v e n in T a b l e I X , w e r e 

c o r r e c t e d t o a c c o u n t f o r t h e s a l t a n d t h e s e c o r r e c t e d w e i g h t s a n d v o l u m e s 

w e r e u s e d t o c a l c u l a t e t h e d e n s i t y of t h e s p e c i m e n . T h i s c o r r e c t e d d e n s i t y 

w a s t h e n u s e d t o d e t e r m i n e a n y c h a n g e w h i c h o c c u r r e d d u e t o a n n e a l i n g . 

T h e d e n s i t y of t h e s a l t w a s t a k e n a s 2 . 1 8 g / c c . 



ANNEALING HISTORY OF UNIRRADIATED ALUMINUM-17.3 w/o URANIUM ALLOY SPECIMENS 

Specimen 

C-44 

C-33 

C-22 

C-11 

Annealing 

Temp,*^' °C 

550 

500 

365 

210 

Time at 

Temp, hr 

0 
24 
69 

115 
115 
94 
94 

0 

24 
69 

116 
115 
209 

0 
24 
72 

144 
120 

0 
24 
72 

146 
120 

Cumulative 
Time at 

Temp, hr 

0 
24 
93 

208 
323 
417 
511 

0 
24 

93 
209 
324 
533 

0 
24 
96 

240 
360 

0 
24 
96 

242 
362 

Weight,"' ' 

g 

13,568ll" 
13,565 
13,560 

13,560 
13,570l'" 

13,563 

13,564 

14,757 

14.756l'« 
14,759 

14,755 
14,757l<" 

14,759 

14,809 
14,808 

14,810 
14,812 
14.809 

13.058 
13.057 

13.058 
13.058 
13.057 

Density,'! ' ' 

g/cc 

2,83411' 

2,838 
2.836 
2,840 
2,834l<" 

2,836 

2,835 

2,931 
2.9321 III 

2,929 

2,934 

2,930W' 
2,934 

2,936 
2,932 

2,932 

2.932 
2.925 

2.927 
2.924 

2.928 
2.927 

2,917 

Total 
% AV ' " ' 

-0,1 
NMC 
-0,2 
NMC 
NMC 
NMC 

NMC 
NMC 
NMC 
NMC 
NMC 

-
+01 
+01 
+0.1 

•04 

-
NMC 
NMC 
NMC 
+0,3 

Thickness,"'' 

in. 

0.77 

0.76 
0.76 

0.75 
0.74 
0.74 

0,73 

0,77 

0,77 

0.76 
0.76 

0.75 
0.76 

0.82 

0.82 

0.81 

0.81 

la'The temperature flid not vary more than ± lO '̂C at any time dur ing the test. 

'b'The precision of the measurements is: weight, ±0,002 g; density, ±0.003 g/cc; thickness. ±0.001 i n . 

(c'Based on the assumption of no weight change and calculated from the expression: % AV =| 

and f inal densities, respectively, NMC means no measurable change, 

' I ' l s the average of two measurements. 

lOO, wtiere P\ and Pf are the ini t ia l 

There was a difference in the ratio of fuel to aluminum in the 
two specimens with burnup amounting to 5.9 x 10 fissions per cc. This 
accounts for the observed difference in the total % AV between the speci­
mens and points up the fact that since all the specimens were clad, the 
% AV is dependent upon the geometry and the quantity of aluminum present . 
Thus, although similar volume increases could have occurred in the fuel 
core, a specimen containing a larger fraction of aluminum would appear to 
have a lower total % AV. The data are thus useful in establishing the swell­
ing temperature but not the absolute magnitude of the change to be expected 
unless specimens of similar geometry are compared. 

B. Metallographic Examination 

Irradiated specimens W-12-6 and W-12-TES were examined 
metallographically at the conclusion of the annealing period. The speci­
mens were mounted with cold-setting plastic and ground to a 600 grit finish 
on silicon carbide paper dressed with paraffin. They were then rough 
polished on Nylon cloth impregnated with 6-/^ diamond abrasive and final 
polished with Microcloth on a plastic lap with Magomet polishing compound. 
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The s p e c i m e n s w e r e e x a m i n e d in both the a s - p o l i s h e d and 
e t c h e d condi t ion . A swab e t ch w a s e m p l o y e d wi th e i t h e r a 10 p e r c e n t NaOH 
or a 2 p e r c e n t H F so lu t ion . The sod ium h y d r o x i d e so lu t ion r e m o v e d d e ­
f o r m e d m e t a l wi thou t e t ch ing the UAI4 p a r t i c l e s a p p r e c i a b l y , w h e r e a s the 
H F so lu t ion had a t endency to a t t a c k the UAI4 p a r t i c l e s a l s o . 

F i g u r e s 19 and 20 a r e t yp i ca l of the UAI4 p a r t i c l e s in s p e c i m e n 
W - 1 2 - 6 . After e t ch ing the p a r t i c l e s s tood out in re l ief . The p a r t i c l e s had 
r e t a i n e d t h e i r c h a r a c t e r i s t i c d i a m o n d s h a p e , and t h e r e w a s no ev idence of 
any c r a c k s w i th in the p a r t i c l e s o r the a l u m i n u m - r i c h m a t r i x . Some p o r o s ­
ity w a s p r e s e n t in the p a r t i c l e s , but t h i s is to be e x p e c t e d a t a b u r n u p l e v e l 

r ^ ^ T ^ 

EI-791 

Figure 19. Specimen W-12-6 Showing Particles of UAI4 in Aluminum-rich Mauix. Specimen was 
annealed for 511 hr at 550OC. Etched with NaOH. All structures photographed under 

selective tint. 
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EI-788 750X 

Figure 20. Specimen W-12-6 Showing Particles of UAI4 in Aluminum-rich Matrix. Specimen was 
annealed for 511 hi at 550°C. Etched with NaOH. All structures photographed under 
selective tint. 

of 10 p e r c e n t of t h e u " ' . In g e n e r a l t h e m i c r o s t r u c t u r e r e v e a l e d t h a t t h e 
m a t r i x a n d t h e u r a n i u m b e a r i n g p h a s e w e r e i n g o o d c o n d i t i o n a f t e r i r r a d i a ­
t i o n t o a b u r n u p of 1.4 x 10^° f i s s i o n s p e r c c a n d s u b s e q u e n t a n n e a l i n g a t 
5 5 0 ° C f o r 511 h r . 

T h e m i c r o s t r u c t u r e of s p e c i m e n W - 1 2 - T E S , w h i c h h a d a b u r n -
u p a b o u t f o u r t i m e s t h a t of W - 1 2 - 6 , c a n b e s e e n i n F i g u r e 2 1 . T h e U A L 
p a r t i c l e s a r e c o n s i d e r a b l y m o r e p o r o u s t h a n t h o s e of W - 1 2 - 6 , a n d m a n y 
of t h e p a r t i c l e s h a v e l o s t t h e i r o r i g i n a l s h a p e . F i g u r e s 22 a n d 23 a r e 
m a c r o - a n d m i c r o p h o t o g r a p h s s h o w i n g t h e v o i d a r e a s i n t h e s a m p l e . 
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250X EI- 500X EI-885 
Figure 21. UAI4 Par t ic les in Aluminum Matrix of Specimen W-12-TES. 

Note porosity present . 

EI-793 

Figure 22. Void Formation in Specimen W-12-TES. 

Figure 22 also shows blistering in the aluminum cladding it­
self. The blistering probably did not originate within the cladding. It 
most probably originated in the fuel core and then extended into the clad­
ding at a point of weakness. It can be seen in the microphotograph that 
void formation occurred along lines of UAI4 part icles . 

C. Discussion 

Based on the resul ts of the annealing studies, the aluminum-
17.3 w/o uranium system exhibited a remarkable resistance to swelling, 
even considering the fact that the fuel core was clad with 0,027 in. of 
aluminum. At a burnup of 5.9 x 10^° fissions per cc, a temperature fairly 
close to the melting point of the aluminum was reached before the onset 
of gross swelling was evident. Similar conditions produced only a small 



32 

uniform volume increase when the burnup was approximately 1.4 x 10^° f is­
sions per cc. Similar blistering was observed on an aluminum-
17.5 w/o uranium alloy fuel plate i r radiated in a high temperature water 
loop.(l^) The burnup in the bl istered a rea was about 6.6 x 10^° f i ss ions/cc , 
with a corresponding estimated temperature of 540°C. 

iC', •<fe*>f^ 

,4 

, ' j : ' jaS^.-

" " ^ f . V"-

\ 
iggtt \9 . i i 

EI-883 250X 

EI-794 500X 
Figure 23. Specimen W-12-TES Showing Void Formation 

along Line of UAI4 Par t ic les . 
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. + u V 

730 \ 
"" 640 4 \ 

EI- 892 

Figure 24 Aluminum- Uranium 
Phase Diagram. 

• +• r.f the uranium-aluminum phase diagram, shown 
An — ^ " ^ i , ° ' ^ ° ; ; ' ' J , " ^ L ^ - 1 7 . 3 w/o uranium alloy is really 

in Figure 24, indicates that the - ^ " - ^ " ^ ^ . ^ p ^ ^ ^ . / ^ „f the intermetal l ic 

compound UAI4 in an essentially 
uranium-free aluminum matr ix . It 
is anticipated that any fission gases 
re leased from a UAI4 part icle would 
be present at the aluminum-UAl4 
part icle interface. Once the gas bub­
bles exceed a cr i t ical size, these 
gases can be expected to follow the 
perfect gas law. Thus, the p ressure 
exerted by the gases would be directly 
proportional to the quantity of gas 
present and the absolute temperature , 
and inversely proportional to the 
volume occupied. It is speculated 
that at elevated tempera tures , where 
the constraint afforded by the alu­
minum is small , the presence of 
these gases would produce swelling; 
the higher the temperature , the less 

the quantity of gas needed to produce swelling. The volume occupied by the 
gas would increase until the p ressu re exerted was balanced by the con­
straint afforded by the aluminum mat r ix and cladding. Not only does the 
physical geometry of the specimens indicate that swelling might well occur 
as blistering in localized a r eas , but such blistering has been observed. 

A lack of swelling at elevated temperature is taken as an indi­
cation of the absence of sizable amounts of gases in the free state surround­
ing the UAI4 par t ic les . Resistance to swelling would thus seem to be more 
dependent upon the proper t ies of the intermetallic compound UAI4 and m 
particular to its ability to retain fission gases, than upon the mechanical 
propert ies of the aluminum matr ix and cladding or upon the general speci­
men geometry. Some data have been observed at low burnups which sub­
stantiate the ability of UAI4 part icles to retain fission gases even at 
elevated temperatures . ( l8) In this work there was negligible fission gas 
release from part ic les of UAI4 annealed at temperatures below 600 C. Gas 
release was usually rapid, however, on initial heating to temperatures 
above about 650°C. 

X-ray diffraction analyses indicate that the intermetallic com­
pound UAL has a body-centered orthorhombic structure with a unit cell of 
a 4 41 A b = 6.27 A, and c = 13.71 A.(l9.20) Each uranium atom has 
as i t s 'neares t neighbors thirteen aluminum atoms at a minimum inter-
atomic distance of about 3 A. It has also been observed that the measured 
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and t h e o r e t i c a l d e n s i t i e s do not a g r e e . U " ) The t h e o r e t i c a l d e n s i t y is 
6.12 g / c c , and the m e a s u r e d d e n s i t i e s w e r e 5.7 ± 0.3 g / c c . T h i s d i s c r e p ­
ancy is in p a r t exp la ined by a s s u m i n g a de fec t s t r u c t u r e for the c o m p o u n d 
UAI4 in which s o m e of the u r a n i u m s i t e s a r e unoccup ied . The p o t e n t i a l 
ab i l i ty of t he se s i t e s to t r a p f i s s i o n p r o d u c t s and , in p a r t i c u l a r , f i s s i o n 
p roduc t g a s e s m a y in p a r t exp la in the e x c e l l e n t s t ab i l i t y of UAI4 a t h igh 
b u r n u p and t e m p e r a t u r e s . It is n o t e w o r t h y tha t if the r e s i s t a n c e to s w e l l ­
ing of the a l u m i n u m - 1 7 . 3 w / o u r a n i u m s y s t e m is due to the p r o p e r t i e s of 
the UAI4 i n t e r m e t a l l i c compound, then a l l the c o m p o s i t i o n s wi th u r a n i u m 
c o n c e n t r a t i o n s of up to 20 a / o should a l s o exh ib i t t h i s r e s i s t a n c e . 

NO SWELLING OBSERVED • 
SWELLING OBSERVED = 

200 300 400 500 
TEMPERATURE, "C 

106-7280 

F i g u r e 25. Swelling in A luminum-17 
to 20 w / o Uran ium Alloy 
Spec imens a s a Func t ion 
of Burnup and 
T e m p e r a t u r e . 

p r o x i m a t e l y 0.030 in. of X-8001 a l u m i n u m al loy 

R e c e n t da ta on p l a t e l e t s of 
a l u m i n u m - 1 8 to 23 w / o u r a n i u m 
fuel, c l ad wi th 0.015 in, of a l u m i n u m 
and i r r a d i a t e d a t a p p r o x i m a t e l y 
100°C, i nd i ca t e good d i r a e n s i o n a l 
s t ab i l i ty . (21) A v e r a g e v o l u m e i n ­
c r e a s e s of about 2 to 4 p e r c e n t 
w e r e no ted for b u r n u p s r a n g i n g up 
to 11.3 X 10^° f i s s i o n s p e r c c . It is 
conc luded f r o m t h e s e r e s u l t s and 
those d i s c u s s e d above tha t swe l l ing 
in the a l u m i n u m - 1 7 . 3 w / o u r a n i u m 
s y s t e m should be m o r e d e p e n d e n t 
upon t e m p e r a t u r e than upon b u r n u p . 
F i g u r e 25 is a p lo t of b u r n u p v e r s u s 
t e m p e r a t u r e for the a l u m i n u m -
u r a n i u m s y s t e m of about 17 to 
20 w / o u r a n i u m . The da ta a t 100°C 
w e r e ob ta ined f r o m Ref. 2 1 , w h i c h 
d e s c r i b e d t e s t s of s a m p l e s hav ing 
0 . 0 2 0 - i n . - t h i c k fuel c o r e s c l ad w i t h 
0.015 in. of v a r i o u s a l u m i n u m a l loy 
c l add ings . The u p p e r t e m p e r a t u r e 
l i m i t w a s a s s u m e d . It w a s b a s e d on 
the o b s e r v e d data of R e y n o l d s ( l 8 ) 
which ind ica ted s i z a b l e q u a n t i t i e s 
of f i s s ion gas r e l e a s e even a t low 
bu rnup when p a r t i c l e s of UAI4 w e r e 
a n n e a l e d a t about 640°C. The i n t e r ­
vening da ta a r e the r e s u l t s of the 
p r e s e n t annea l ing s t u d i e s on 0 .050-
i n . - t h i c k fuel c o r e s c lad w i t h a p -

The plot is s e p a r a t e d into two r e g i o n s . In the r e g i o n below the 
l ine combina t ions of bu rnup and t e m p e r a t u r e a r e p o s t u l a t e d wh ich a r e 
s t ab le , w h e r e a s those above the l ine a r e combina t ions of b u r n u p and 
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l,•.^ will produce swelling. Swelling, for purposes of the 
temperature wn idealized blistering or general volume mcreases 
e i reeding iTpe e r p e r atom percent burnup. The line is dotted to em-
p h ^ ' z e t ie fa'ct that the data points are not extensive; '^-;• ^^^ ^^t^ZTr 
be considered tentative until verified by additional data at elevated temper 
ature and burnup. 

The form of swelling taken by the aluminum-17.3 w/o uranium 
specimens used in the annealing studies was severe localized blistering. It 
is believed that the blistering originated in a s t r ingered a rea when fission 
product gases were re leased from the UAI4 part ic les and readily joined with 
other gases from adjacent par t ic les because the aluminum did not provide 
sufficient mechanical strength at the tempera tures involved to res t ra in 
them. Two such a reas can be seen in Figure 23. 

Ill, General Comparison between the Alloy and Dispersion Systems 

The alloy and dispersion systems cannot be compared directly on 
the basis of the data developed during the present annealing study because 
of the varying amounts of res t ra in t afforded by the differing geometries . 
Although at t empera tures above 500°C, at which the strength afforded by 
the aluminum is not great , d i rect comparisons may yield reasonable ap­
proximations of the relative capabilities of the two sys tems. 

For burnups up to about 1 x 10^° fissions per cc and temperatures 
ranging up to 500°C, the 39 w/o UjOs-aluminum dispersion system had 
slightly la rger volume increases than the aluminum-17.3 w/o uranium 
alloy system. This difference may be due to the fact that the alloy speci­
mens were more highly res t ra ined . Actually, if it were not for the r eac ­
tion between the aluminum and the U,0„ the dispersion speciinens would 
have exhibited better res is tance than the alloy. Thus, although he disper­
sion system may be slightly more res is tant to fission gas ^ ^ / ^ ' ^ S / " 
this range, the volume increase accompanying the aluminum-U3O8 reaction 
makes it slightly less res is tant to overall swelling than the alloy. 

The large difference in burnup between specimens annealed at 
550°C does not allow a comparison to be drawn between the two systems. 

It has been noted that at tempera tures above 210°C the aluminum 
mat r ix and U3O3 react with the eventual formation of . " f - ^ f ^ ^ ^ J ^ ; ^ ^ ! . 

volume increases accompany ; ^ ^ ^ ; - ; - ; , : i ; : l : 15 " ^ l ^ ^ i n u r " 
pie tion a volume increase of about 47o can be expectea. , ^ ^ „ „ „ n d 
systems with up to 20 a/o uranium exist as the ^-'-^.^-'^lll^TZllm 
UAL in an essential ly uranium-free aluminum matr ix . Since the uranium 
"n the U3O3 will evenLally rever t to UAI4, the alloy system would seem to 
Te basicaUy more res is tant to volume increases , for it does away with 
the volume increase accompanying the aluminum-UaOg reaction. 
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CONCLUSIONS 

1. Specimens containing 39 w/o U3O8 dispersed in aluminum were 
in excellent condition after being i r radiated to burnups ranging up to 
1 X 10^° fissions per cc at t empera tures between 55 and 90°C. 

2. Based on the annealing studies, 39 w/o UjOg-aluminum d isper ­
sions are resistant to swelling for burnup and tempera ture levels up to at 
least 1 X 10^° fissions per cc and 550°C, respectively. 

3. U3O8 reacts with aluminum at tempera tures as low as 210°C 
with the formation of UO2, AI2O3, and U-Al intermetal l ic compounds. Tem­
perature, time, and particle size are variables which affect the rate of the 
reaction. 

4. Volume increases accompany the UjOg-aluminum reaction. 
After approximately 500 hr the volume increases amounted to 1% at 
500°C and to 3% at 550°C. After approximately 360 hr the volume in­
creases amounted to about 0.5% at 210°C and 365°C. 

5. The dispersion specimens and, in par t icular , the U3O8 par t ic les 
sintered during irradiation at temperatures from 55 to 90°C in an effective 
thermal neutron flux of between 1 and 3 x lO''' nv 

6. Based on the annealing studies, 17.3 w/o uranium-aluminum 
specimens having burnups up to at least 1.4 x 10^° fissions per cc a re 
resistant to swelling at temperatures as high as 550°C. 

7. Based on the annealing studies, 17.3 w/o uranium-aluminum 
specimens "with burnups equal to 5.9 x 10 fissions per cc will swell 
rapidly at 550°C. The swelling occurs as severe localized bl is ter ing. 
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APPENDIX 

J I^ j^^^^^^nrrec t ing Specimen Weights and 
Volumes for Salt Pickup 

F r o m Table VI the measured weight and density of specimen ED-6 
were 6.018 g and 2.956 g/cc , respectively, after annealing for 511 hr at 
550°C. The original weight and density were 4.815 g and 3.383 g/cc . 

The original specimen weight minus the final specimen weight 
gives the weight of the salt picked up: 

6.018 - 4.815 = 1.203 g 

The volume occupied by the salt is given by 

^°1""^^ weight of salt _ 1.203 g _ ^ ^ „ _ 
°^ density of salt 2.18 g/cc 

salt 

F r o m the data m Table VI the volume occupied by the specimen 

plus the salt is 

volume of specimen + salt 
6.01! 2.036 cc 
2.956 

The corrected volume of the specimen is thus 

2.036 - 0.552 = 1.484 cc 

The corrected density is given by 

4.815 , = 3.244 g/cc 
1.484 '^' 

Thus, the % AV is given by 

which for this case is 

"3.383 

Pi . 
100 

3.244 

as given in Table VI. 

100 = 4.2% 






